ABSTRACT 11 12 A sample of palynomorph-rich Upper Carboniferous mudstone from Scotland 13 was separately pre-treated overnight with acetone, two detergent solutions, formic 14 acid, household bleach (two methods), methylated spirits and white spirit prior to 15 palynological preparation using sodium hexametaphosphate [(NaPO3)6]. The aim of 16 this study was to identify effective methods of pre-treatment that would increase 17 palynomorph yields using the (NaPO3)6 method. Pre-treatment generally increased the 18 mass of sample that was broken down by the (NaPO3)6 technique. Detergent one 19 (carpet cleaner), formic acid, household bleach and white spirit allowed the 20 disaggregation of more rock than without any pre-treatment. However, formic acid 21 produced a lower concentration of yield of Carboniferous miospores than with no pre-22 treatment. Pre-treatment with acetone, detergent two (industrial detergent) and 23 methylated spirits actually decreased the weight of rock that was disaggregated with 24 (NaPO3)6. Despite this, all these three pre-treatments improved the palynomorph yield 25 as compared to with no pre-treatment. Moreover, all the pre-treatments except formic 26 acid improved palynomorph productivity. The effectiveness of pre-treatments was 27 demonstrated by the increased absolute numbers of indigenous palynomorphs 28 extracted. However, the concentrations of miospores per gram of rock are more 29 significant. Acetone, both detergent solutions, methylated spirit and white spirit 30 significantly improved the amounts of palynomorph extracted. Household bleach was 31 found to lighten and selectively destroy relatively delicate palynomorphs; this reagent 32 should be used with caution, and only with robust material. In the subsample soaked 33 overnight in 5% bleach solution, all the exotic Lycopodium spores added were 34 destroyed. By contrast in the subsample treated with 2.5% bleach solution for six 35 hours, a small proportion of the exotic Lycopodium spores survived. This study 36
The pre-treatment of samples for palynology is not new. Raistrick (1934, p. 48 143) for example reported that high rank coals macerate more effectively in 49
Schultze's solution if the sample is pretreated by soaking in cold pyridine for 24 50 hours. Van Cleave and Ross (1947) subsequently noted that pre-treatment of 51 palynomorph residues with a suitable detergent may help the penetration of stain. 52
Samples of sedimentary rock or unconsolidated sediment for palynological analysis 53 are sometimes soaked in water or surface-active substances such as detergent solution, 54 ethanol or other reagents prior to the main (acid-based) processing procedure. This is 55 to attempt to deflocculate or soften the sample material so that the subsequent 56 processing proceeds quickly and effectively. Organic pre-treatment reagents such as 57 acetone, methylated spirits and white spirit penetrate the interstices of the sample 58 material and start to break it down by the pressure developed. A wetting agent may 59 aid this penetration. Alternatives to pre-treatment are to use the power of 60 crystallisation of, for example, sodium salts to physically break up the sample 61 material or simply not to pre-treat (Faegri et al., 1989, p. 76 ). 62
In this study, the effects of seven reagents for the pre-treatment of an 63 extremely palynomorph-rich Upper Carboniferous mudstone before processing using 64
(NaPO3)6 were tested. The pre-treatment reagents used were acetone, two detergents 65 (a domestic carpet cleaner and Decon 90), formic acid, household bleach (sodium 66 hypochlorite solution -two methods), methylated spirits and white spirit. These were 67 chosen because it was felt that they could all potentially soften and/or partially 68 disaggregate the sample material and hence expedite clay deflocculation with 69 (NaPO3)6. Formic acid, methylated spirits, sodium hypochlorite and white spirit have 70 been used to extract calcareous and phosphatic microfossils (Armstrong and Brasier, 71 2005 which is prepared by melting monosodium orthophosphate followed by rapid cooling. 87
Alternative names include Calgon, glassy sodium and Graham's Salt. It hydrolyzes in 88 aqueous solution to sodium trimetaphosphate and sodium orthophosphate. The pH of 89 (NaPO3)6 is neutral (7), and it is not an oxidising agent. This substance has a wide 90 range of applications, and is used as a detergent, a powerful deflocculant or a 91 dispersent for clay and soil and a water softener. It is also used as a food additive, and 92
has the E-number E452i. Sodium hexametaphosphate is a relatively non-hazardous 93 substance, however significant ingestion may cause an allergic reaction. It reduces the 94 coherence of the clay fraction because phosphate ions are strongly adsorbed onto the 95 particles of clay, which are broken up to sub-10 μm particles due to the high ionic 96
charges. This allows the dispersed clay to be separated from the organic fraction by 97 sieving. 98 By contrast, H2O2 is a strong oxidising agent, weakly acidic and slightly 99 viscous. Pure H2O2 is pale blue, but it becomes colourless when diluted. It is used in 100 the chemical industry, for bleaching, disinfecting and as a propellant. To allow the relative effectiveness of each of the pre-treatment reagents, the 163 concentrations of palynomorphs were calculated. The exotic marker method using 164
Lycopodium clavatum tablets as a spike was used for this (Benninghoff, 1962; 165 Stockmarr, 1971 As previously mentioned, the acid preparation was allowed to proceed until 215 the reactions were complete, but the (NaPO3)6 treatments were given 20 minutes. The 216 prepared residues from the ten subsamples studied were examined and the indigenous 217
Carboniferous pollen and spores and the exotic Lycopodium spores were counted. 218
These data, together with the dry weight of sample macerated, the concentration of 219 indigenous palynomorphs (based on the actual weight of rock broken down and on 5.0 220 g) and the calculated number of indigenous palynomorphs are presented as Table 1 . 221
The actual weights of the subsamples prepared are considered to be highly significant 222 (see below).
223
Following both the acid and (NaPO3)6 preparations, the residues were sieved 224 to remove the >500 μm fraction. This largely comprises undigested or 225 undeflocculated rock as appropriate. Unsurprisingly, the acid digestion gave the 226 lowest amount (0.9 g) of undigested rock residue. The remaining (NaPO3)6 227 preparations deflocculated between 1.5 and 4.0 g of the initial 5.0 g used (Table 1);  228 hence the undeflocculated residues using (NaPO3)6 were between 1.0 and 3.5 g. The 229
concentrations of indigenous palynomorphs based on the actual weight of rock broken 230 down, and on the full 5.0 g of each subsample are presented in Table 1 . This strategy 231 was adopted to emphasise the difference in palynomorph concentrations if the actual 232 weight of rock disaggregated or dissolved is taken into account. Many quantitative 233 studies do not allow for any unprocessed raw sample material which potentially can 234 liberate palynomorphs. Moreover, this methodology clearly demonstrate that the 235 (NaPO3)6 method normally does not fully break down relatively indurated lithotypes. 236
The results of this study are discussed in the remainder of this section, 237 subsample by subsample. Generally, the eight overnight pre-treatments did not cause 238 any discernible physical changes to the sample material. However, it was notable that, 239 except for formic acid, when the material was mixed with (NaPO3)6, it generally 240 disaggregated significantly faster than material which had no pre-treatment. 241
Prolonged soaking in pre-treatment reagents however can cause physical changes. For 242 example, in another experiment which is not described in detail here, a subsample of 243 this Carboniferous mudstone was completely disaggregated after soaking for one 244 week in white spirit. 245 246 247
4.1.
The control subsample prepared by hydrochloric/hydrofluoric acid digestion 248 249
In order to make comparisons with the seven (NaPO3)6 preparations, a 250 subsample was prepared using the standard mineral acid digestion technique. This 251 subsample received no pre-treatment, and the residue was not oxidised following 252 hydrofluoric acid treatment. The sample was crushed to pea-sized fragments and 253 treated separately with hydrochloric acid and hydrofluoric acid to remove the 254 carbonate and silicate minerals respectively. The acid digestion proved highly 255 effective; 4.1 g of the initial 5.0 g of rock was eliminated. Following the acid 256 treatment, the organic concentrate was sieved using a 10 μm mesh to remove the fine 257 material which tends to obscure the palynomorphs. The sample prepared in this way 258 produced 341,746 palynomorphs per gram and 1,401,158 grains in total (Table 1) . 259
The concentration is significantly higher than that obtained by Riding et al. (2007) for 260 similar material using the volume aliquot method described by Dale (1976) So that the subsamples prepared using (NaPO3)6 with pre-treatments can be 286 objectively assessed, a control subsample was processed. This was using the (NaPO3)6 287 method without any pre-treatment prior to the addition of flakes of (NaPO3)6 (Riding 288 and Kyffin-Hughes (2004, appendix 2; 2006, appendix 3). The treatment proved 289 moderately effective, but 3.0 g of the initial 5.0 g of sample was not broken down 290 after soaking overnight (Table 1 ). The 2.0 g sample prepared in this way produced 291 104,427 palynomorphs per gram; this represents 208,853 grains in the subsample 292 prepared (Table 1) . This concentration compares with 341,746 pollen/spores per gram 293 using HCl/HF. In this highly productive lithotype, the fact that the preparation is 294 somewhat less efficient in terms of absolute extraction has no bearing in terms of 295 normal palynological analysis. The effectiveness disparity does not bias the relative 296
proportions of the taxa in the sample. In fact, because palynologists routinely study 297 only a miniscule proportion of the grains extracted from any one sample, this is hardly 298 ever likely to be a serious problem. The 'efficiency gap' using (NaPO3)6 would only 299 be a problem with extremely organic-lean samples such as the Neoproterozoic 300 material from Australia studied by Grey (1999) . The fact that (NaPO3)6, cannot 301 entirely disaggregate relatively indurated lithotypes such as the Carboniferous 302 mudstone tested here emphasises the need for an effective pre-treatment regime. In a 303 previous study, Riding et al. (2007) used the volume aliquot method for quantitative 304 assessments. However these authors did not undertake a quantitative study of the 305 mudstone used in this work using (NaPO3)6, so a meaningful comparison between the 306 volume aliquot method and the Lycopodium spore spiking method for this sample 307 cannot be made in this case. 308
The (NaPO3)6 preparation proved very clean, and was largely devoid of AOM 309 (Fig. 3) It was thought that acetone may help to soften the sample material. However, 326 because acetone is a volatile substance, the vessel should be monitored and topped-up 327 if the pre-treatment is done over several days. In another experiment, during the 328 course of several days of pre-treatment, all the acetone evaporated despite the vessel 329 being partially covered. An overnight treatment however does not encounter this 330 problem. 331
The acetone pre-treatment appears to have been significantly beneficial. 332
However, acetone pre-treatment did not increase the mass of sample which was 333 disaggregated by the (NaPO3)6. Following overnight pre-treatment with acetone, 3.3 g 334 of the 5.0 g subsample remained following the 20 minute treatment with (NaPO3)6 335 (Table 1) . This means that acetone pre-treatment enabled 0.3 g less rock to be 336 disaggregated compared with no pre-treatment ( (Table 1) . Hence it appears that this pre-treatment softened 342 the material, and began to deflocculate the clay fraction. 343
The acetone pre-treatment had no adverse effect on the (NaPO3)6 preparation. 344
The residue was clean, the palynomorphs were abundant, and had not been bleached 345 or damaged in any way (Fig. 4) It was thought that 80% formic acid may be a potentially effective pre-422 treatment reagent and could effect some disaggregation before the (NaPO3)6 treatment 423 is begun. The pre-treatment with formic acid initially appeared to have been effective 424 because it increased the weight of sample which was available for treatment by 425 (NaPO3)6. Following the overnight pre-treatment with formic acid, 1.8 g of the 5.0 g 426 subsample remained following treatment for 20 minutes with (NaPO3)6 (Table 1) . The 427 subsample prepared simply using (NaPO3)6 with no pre-treatment left 3.0 g of rock 428 undisaggregated (Table 1) It was anticipated that sodium hypochlorite solution will partially disaggregate 473 the sample material prior to the (NaPO3)6 treatment. The overnight pre-treatment with 474 5% sodium hypochlorite solution appears to have been highly effective. It greatly 475 increased the mass of sample which was broken down by the (NaPO3)6. Following the 476 overnight 5% sodium hypochlorite solution pre-treatment, only 1.0 g of the 5.0 g 477 subsample remained following 20 minutes treatment with (NaPO3)6 (Table 1 ). This 478 means that this sodium hypochlorite solution pre-treatment has enabled 2.0 g more 479 rock to be disaggregated, compared with no pre-treatment (Table 1) . However, the 480 pre-treatment destroyed all the Lycopodium spores and noticeably bleached the 481 Carboniferous spores. The palynomorph residue comprises relatively light coloured 482
Carboniferous spores only (Fig. 8) ; no Lycopodium spores could be found, despite 483 scanning entire slides. This confirms the findings of Traverse (1990) that sodium 484 hypochlorite solution is highly destructive to modern pollen and spores. The 485
Carboniferous palynomorphs are markedly lighter in colour than with all the other 486 preparation strategies in this study (Figs. 2-7 and 10-11). However, the residue is still 487 extremely rich in palynomorphs and is devoid of AOM (Fig. 8) . There does not 488 appear to have been any selective destruction of the Carboniferous palynomorphs. 489
A second test using sodium hypochlorite solution was undertaken to attempt to 490 establish if a gentler treatment would be less destructive to the Lycopodium spores. A 491 5.0 g subsample was pre-treated with 2.5% sodium hypochlorite solution for 6 hours. 492
This second sodium hypochlorite solution pre-treatment enabled 0.8 g more rock to be 493 disaggregated compared to the control with no pre-treatment (Table 1 ). The organic 494 material produced by this subsample was also noticeably lightened, and the 495 preservation of the Lycopodium spores was poor (Fig. 9) . Only 29 of these poorly-496
preserved Lycopodium spores were counted in an overall population of 617 grains 497 (Table 1 ). This ratio, as compared to the others in Methylated spirits is ethanol (C2H5OH), which has been mixed with aniline 514 dye in order to render it toxic and unpalatable. Methanol (CH3OH) is also added to 515 make the separation of pure ethanol via distillation difficult. Ethanol is a versatile fuel 516 and solvent; it is miscible with light aliphatic hydrocarbons, other organic solvents 517 and water. Methylated spirits is slightly basic (pH 7.33), and is volatile. This means 518 that the level of the liquid should be monitored, if the pre-treatment with methylated 519 spirits is prolonged (i.e. several days). 520
It was considered that methylated spirits may possibly help to render the 521 sample material more susceptible to disaggregation using (NaPO3)6. Treatment with 522 methylated spirits did not increase the weight of sample which was broken down by 523 the (NaPO3)6. Following pre-treatment with methylated spirits, 3.5 g of the 5.0 g 524 subsample remained after 20 minutes (NaPO3)6 treatment ( Table 1 ). The methylated 525 spirits pre-treatment thus enabled 0.5 g less rock to be disaggregated compared with 526 no pre-treatment (Table 1) . However, in terms of the palynomorph yield, the pre-527 treatment with methylated spirits appears to have been marginally beneficial. This 528 pre-treatment yielded 142,449 grains per gram, compared with 104,427 palynomorphs 529 per gram for the control subsample (Table 1 ). The absolute numbers of Carboniferous 530 spores in the methylated spirit pre-treated subsample also show a marginal increase on 531 the control subsample; these figures are 213,674 and 208,853 respectively (Table 1) . 532
The pre-treatment with methylated spirits apparently had no adverse effects on the 533 palynomorphs. The organic concentrate proved generally free of extraneous materials, 534 and the palynomorphs were abundant and undamaged (Fig. 10) . 535 536 537 4.8. The subsample pre-prepared with white spirit 538 539
White spirit (also known as mineral spirits, Stoddard solvent and Varsol) is a 540 petroleum-based distillate; it is a mixture of alicyclic, aliphatic and aromatic 541
hydrocarbons. This clear liquid is used as an extraction solvent in degreasing and dry 542 cleaning, a fuel additive, a viscosity-reducer and a general-purpose organic solvent 543 (e.g. paint thinners). It is flammable, with a flash point of 39°C. Despite having a low 544 acute toxicity, white spirit is an irritant and may cause contact dermatitis, various 545 other skin complaints and lung damage. White spirit is a potential freshwater or 546 marine pollutant, and hence should be disposed of responsibly. 547
In this study, technical grade white spirit was used. Its grade is determined by 548 the nature of the crude oil used, and the conditions of distillation. It is highly volatile, 549 and the level in the vessel should be checked if the pre-treatment lasts for a few days. 550 Brown (1960; 2008, p. 76 , 88, 89) described using white spirit (as Varsol) to 551 disaggregate shale and to dissolve asphalt and other heavy hydrocarbons. 552
It was anticipated that white spirit will help to soften the sample material. It is 553 well known as a disaggregating agent that can liberate microfossils sensu lato from 554 partially indurated clay-rich lithotypes (Armstrong and Brasier, 2005, p. 275 ). This 555
pre-treatment appears to have been markedly beneficial. It slightly increased the 556 amount of sample material which was eventually disaggregated by the (NaPO3)6. 557
Following pre-treatment with white spirit, 2.7 g of the 5.0 g subsample remained 558
following the 20 minute treatment with (NaPO3)6 (Table 1 ). This means that the pre-559 treatment with white spirit enabled 0.3 g more rock to be dissaggregated than with no 560 pre-treatment (Table 1) . Regarding palynomorph yield, the pre-treatment with white 561 spirit proved highly effective. given by pre-treatment with Decon 90 (Table 1 ). The white spirit apparently started to 567 deflocculate the clay, hence allowing the (NaPO3)6 to break down the partially 568 disaggregated clay and explaining the higher palynomorph yield. The white spirit pre-569 treatment does not cause adverse preservational effects on the palynomorphs. The 570 organic residue was extremely clean and pollen and spores were abundant and well-571 preserved (Fig. 11 ). 572 573 574 5. Summary 575 576
This study aimed to objectively assess the relative effectiveness of several pre-577 treatment regimes on a single sample of highly palynologically productive 578 sedimentary rock. Another objective was to improve the effectiveness of the 579 preparation method using (NaPO3)6 developed by Riding and Kyffin-Hughes (2004;  580 2006). Generally, pre-treatment increased the mass of sample that was eventually 581 broken down by the (NaPO3)6 treatment. This is unsurprising because more soaking 582 should soften lithified rocks. The pre-treatment aims at softening the sample material, 583 thereby allowing the (NaPO3)6 to act on an increased surface area, and hence releasing 584 more palynomorphs. Specifically, detergent one (carpet cleaner), formic acid, 585 household bleach and white spirit allowed the disaggregation of more raw rock 586 sample than without any pre-treatment. This also clearly demonstrates that the 587 (NaPO3)6 preparation method is made more effective by pre-treatment. However, 588 acetone, detergent two (Decon 90) and methylated spirits actually reduced the amount 589 of rock broken down by (NaPO3)6. Unsurprisingly, the largest weight of rock prepared 590 was with the control subsample prepared using HCl and HF digestion (Table 1) . 591
The efficacy of pre-treatments is clear based on the absolute numbers of 592 indigenous palynomorphs extracted from the subsamples. Only the pre-treatment 593 using methylated spirits gave fewer specimens than the control subsample with no 594 pre-treatment (Table 1) from the subsample of sample MPA 57940 which was prepared with (NaPO3)6 using a 843 pre-treatment with household bleach (a 2.5% solution of sodium hypochlorite) for six 844 hours. Slide '2.5% NaOCl, 6 hours', England Finder coordinate O48. The prominent 845 specimen of Lycospora pusilla in the centre-left is 31 µm in maximum diameter. Note 846 the apparent absence of Lycopodium spores; these are present but in relatively low 847 numbers (Table 1) . This reflects partial destruction of the Lycopodium spores by the 848 bleach. Note also the fact that the Carboniferous spores are only slightly bleached, as 849 compared to the significantly lightened forms in Fig. 8 . 850 851 Fig. 10 . A representative low-magnification photomicrograph of the organic residue 852 from the subsample of sample MPA 57940 which was prepared with (NaPO3)6 using 853 an overnight pre-treatment with methylated spirits. Slide 'meths, test B', England 854
Finder coordinate N66/1. The prominent specimen of Lycospora pusilla in the upper-855 centre is 33 µm in maximum diameter. Note the well-preserved Carboniferous 856 miospores and the absence of amorphous organic material. 857 858 Fig. 11 . A representative low-magnification photomicrograph of the organic residue 859 from the subsample of sample MPA 57940 which was prepared with (NaPO3)6 using 860 an overnight pre-treatment with white spirit. Slide 'white spirit, test B', England 861
Finder coordinate O69/3. The specimen of Lycospora pusilla in the upper-right is 31 862 µm in maximum diameter. Note the abundant, well-preserved Carboniferous 863 miospores and the absence of amorphous organic material. 864 865 Table 1  866 The key data in this study. The numbers of Carboniferous miospores and marker 867
Lycopodium spores which were counted, the dry weight of the rock sample that was 868 broken down, the indigenous palynomorph concentrations (based on the actual weight 869 prepared and 5.0 g) and the absolute numbers of indigenous palynomorphs based on 870 5.0 g are given for each of the subsamples prepared. It should be noted that the 871 numbers and concentrations of palynomorphs in the row pertaining to the pre-872 treatment with 2.5% household bleach for six hours (italicised) are entirely spurious 873 due to the destruction of large numbers of the exotic Lycopodium spores. The 874 italicised abbreviations (e.g. mc) refer to equation of Benninghoff (1962) where 875 appropriate. 876
